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Identifying the functionally
distinct types of neuron is central
to any bottom-up understanding
of how the brain works. The
different cell types are the brain’s
elementary computational
elements — the components from
which the larger machine is
made. We have known of some
cell types for more than a
century, but the coverage has
been spotty and anecdotal. This
is changing: it is now possible to
assemble more or less complete
inventories of cell types — the
brain’s parts list, upon which all
understandings of brain function
depend.
The recognition that neurons
are distinct functional entities
was the first great contribution of
neurobiology’s founding father,
Santiago Ramon y Cajal, who
could make that leap because he
had a method, the Golgi stain,
which shows individual neurons
in spectacular isolation from their
neighbors. It was immediately
apparent that neurons come in a
florid variety of shapes and the
identification of neuronal types,
an industry that still flourishes,
was set in motion. How are
neuronal types distinguished and
why do neurobiologists care so
much about them?
Distinguishing cell types
What do we mean by a cell type?
This question has generated
much tedious discussion, but the
ultimate goal is simple — to find a
way to single out a group of
neurons that carry out a distinct
task. In real life, we rarely know a
cell’s function at the first
encounter, and the strategic path
is to first identify cell types and
then find out what they do. This
kind of search is based on the
fundamental premise that
different structure indicates
different function, ‘structure’
broadly defined here to include
both morphology and the
expression of functionally
important proteins. This has
proved over the years to be a
reliable rule (a doubtful reader is
invited to search for a
counterexample). 
Variation in almost any
biologically important dimension
can be taken as a guide.
Increasingly, cell types can be
distinguished by their expression
of genes and/or proteins.
Occasionally they are first
distinguished by characteristic
patterns of electrical activity. But
the commonest way is the shape
of the cell. This is not only
because the shapes of neurons
are pretty — which to the trained
eye they are — nor is cell shape
just a convenient taxonomic
label. The deeper reason is that
the shapes of neurons are a
direct reflection of their synaptic
connections.
Imagine a hypothetical
structure (nucleus) within the
brain, containing three layers of
axonal inputs and two groups of
neurons contacted by them
(Figure 1). In the illustration, the
inputs run horizontally across the
nucleus at three different levels.
Imagine now that the three levels
of inputs that define the
underlying reality are invisible, so
that the shapes of the neurons
are the only things that can be
observed. It is still quite possible
to identify the cells as distinct
entities. For convenience,
neuroanatomists from Cajal’s
time to the present have given
them evocative nicknames, as
shown in Figure 1B, but this is
only a mnemonic device. What
matters is that the shapes reflect
an underlying connectivity. The
cell types not only serve to
distinguish one type of cell from
another, they are the first step
toward understanding the
underlying wiring.
The differences between cell
types are sometimes obvious to
even an untrained eye, but
seeing them more often takes
practice. Also, there have been
few methods that, like the Golgi
stain, reveal the entire shape of a
neuron without interference from
its intertwined neighbors.
Without much fanfare, molecular
biology and digital imaging
technology have now
revolutionized the visualization of
cell shapes. Not only are there
myriad ways to stain solitary
cells, but we see them much,
much better than biologists of
even a decade ago: we see them
in all their three-dimensional
glory, where the optics available
to Cajal gave essentially a two-
dimensional view. Many so-
called transition cases — cells
that appeared intermediate
between types — turn out to be
due to experimental noise and
blur, once modern staining and
optics are used.
Neuronal types and subtypes
There are hundreds of named
neuronal types in the brain. The
names have varying degrees of
exactness and currency, ranging
from the famously distinctive
Purkinje cell to many lesser,
poorly defined cells. Like genes,
some cells appear under several
names. Often, earlier
nomenclatures have been
abandoned as more precise ways
of classifying cells developed. In
fortunate cases a name derived
from morphology, such as
‘sparse, wide-field multistratified
cell’, is replaced by one derived
from a unique cell-type-specific
protein, such as ‘melanopsin
cell’, but these are uncommon.
As for genes, names are
sometimes chosen whimsically,
and as for genes it is unlikely that
a standard system of naming will
exist soon.
A particularly unfortunate piece
of vagueness pertains to the
hierarchy of groups. Terms like
‘variety’, ‘class’, ‘type’,
‘subclass’, and ‘subtype’ are
used indiscriminately. The
technically correct usage is
perhaps for a ‘class’ to represent
a collection of ‘types’ that share a
common feature. In this usage
there is no place for a
‘subclass’—indeed, there is
probably a need for more
taxonomic levels. The term ‘type’
is sometimes reserved for the
terminally differentiated level, and
that usage will be followed here.
A functionally important and
widely agreed-upon distinction is
between projection neurons,
which send an axon out of the
structure where their soma is
located, and intrinsic neurons,
which make synapses only within
the structure where their soma is
located. (Alternative terms are
‘principal cells’ and
‘interneurons’, respectively.) Note
that the distinction applies only
to the cell’s axonal projection,
not to the source of its inputs: an
intrinsic neuron can receive
synaptic inputs from cells located
within the same structure or from
distant ones. The following
paragraphs give examples of
neuronal types in the cerebellum
and the retina, where the types
are pretty well understood, and
the neocortex, which has proved
a much harder nut to crack.
Neurons of the cerebellum
The cerebellum has long been a
popular model system, in large
part because of its orderly and
relatively simple architecture. It
contains a single type of
projection neuron, the Purkinje
cell (Figure 2). Not only do these
neurons have a highly
stereotyped architecture, but
they are essentially two
dimensional — they have
somewhat the shape of a leaf.
This makes them easy to
conceptualize and easy of access
for recording.
The cerebellum contains five
main types of intrinsic neuron.
Granule cells have tiny cell
bodies (5–8 µm) and small
dendritic arbors (~50 µm
diameter), but send an axon that
runs for millimeters within the
cerebellum. The granule cells are
tightly packed and the
cerebellum is large; in absolute
terms, they are the most
numerous single type of neuron
in the nervous system. Two other
interneurons are the basket and
stellate cells. The Golgi cells —
named for their discoverer,
Camillo Golgi, not for his staining
method — are much larger, with
dendritic arbors that span all
levels of the cerebellar cortex.
Neurons of the neocortex
This simple list of cerebellar
neurons, and the images of
isolated cells in Figure 2, must
unfortunately ignore the
gorgeous architecture with which
the cells are interlaced — the
brain as Sherrington’s “great
enchanted loom”. The neocortex
surely has a similar orderliness,
were we to understand it, but in
the neocortex the overall plan is
less obvious and the taxonomy of
the neuronal types much less
clear. In contrast to the
cerebellum (or the retina, see
below), projection neurons in the
neocortex outnumber intrinsic
neurons, making up about 80%
of all cortical neurons. This
difference may occur because
projection neurons of the
neocortex, in contrast to those of
the cerebellum or retina, often
send axon collaterals that
terminate within the cortex. This
means that they have a local
circuit function as well as
communicating with the brain’s
distant regions.
The major class of projection
neurons in the neocortex are the
pyramidal cells. They have a wide
variety of shapes and
projections. Their cell bodies can
be located in any of the cortical
layers except layer 1. Many,
though possibly not all, pyramidal
cells project to distant regions.
The term ‘pyramidal cell’ is used
for neurons in several brain
structures (there are
hippocampal pyramidal cells) and
generally denotes a large cell
with a roughly triangular soma
from which arise distinct sets of
apical and basal dendrites. Thus,
the structure of the classical
pyramidal cell suggests that its
job is to combine functionally
varied inputs from several cellular
layers, make a decision about
those inputs, and send a
message via a spike train to
another region. The term has
drifted, however, and is now used
for cells that have neither
triangular somas nor the classic
branching pattern. It is believed
that many cell types exist within
the large class of neocortical
pyramidal cells, but there is at
present no powerful and
universally agreed way to
distinguish them.
Even though intrinsic neurons
comprise the minority of
neocortical neurons, an
extremely large number of types
have been identified; the subset
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Figure 1. How underlying regularities control the shapes of neurons. 
The two fictitious cell types shown at the right have their distinctive shapes because of their selective contacts with the input fibers.
shown in Figure 2 only scratches
the surface of their diversity.
Modern estimates are that the
striate cortex of the macaque
monkey contains in excess of 40
morphologically identifiable types
of interneurons. Some
neocortical interneurons
selectively express specific
calcium binding proteins; these
are the few neocortical neurons
that can be characterized as
defined populations with the level
of certainty achieved for cells of
the cerebellum or retina.
Neurons of the retina
The retina is a particularly
accessible part of the central
nervous system, and has unique
advantages for study. In contrast
to most CNS structures, we know
precisely what the retina is
designed to do. The flow of
information in the retina is pretty
much unidirectional. Importantly,
the retina is a flat sheet of tissue
and can be treated as a stack of
two-dimensional cellular arrays,
rather than a three-dimensional
solid. For these and other
reasons, the neuronal
populations of the retina are now
known with unprecedented
precision.
A mammalian retina contains
five major classes of neurons
divided into ~60 individual types.
The projection neurons are the
retinal ganglion cells; in most
mammalian species there are
about 12 individual types, each
with a different kind of response
to visual stimulation. The
intrinsic neurons are the
horizontal cells (2 types), bipolar
cells (~12 types) and amacrine
cells (~30 types). Different
subsets of these are shown in
Figures 2 and 3, illustrating how
the stratification of individual
cells defines their connectivity.
Distinct bipolar, amacrine and
ganglion cells stratify in the
same sublaminae of the inner
plexiform layer and thus are
potential synaptic partners.
In many cases, the different
shapes of bipolar and amacrine
cells can be associated with
distinct combinations of
proteins. Molecules involved in
synaptic transmission are
particularly informative. This
makes sense because different
proteins confer different
physiological properties —
especially temporal
responsiveness — upon the
synapses that express them, and
these help determine the
differing response character of
the individual cell types. For
example, bipolar cells that
depolarize in response to light
have axons that arborize deep in
the inner plexiform layer and
express the metabotropic
glutamate receptor isoform
mGluR6; bipolar cells that
hyperpolarize to light arborize
high in the inner plexiform layer
and express ionotropic
(AMPA/kainate) receptors. Such
combinations make the
identifications of functional types
unequivocal.
Finally, individual types of
retinal neuron exhibit regular
spacing, such that neurons of a
defined type maintain a minimum
distance from other neurons of
the same type. In other words,
there is a zone around any
particular cell from which other
cells of the same type are
excluded. With respect to
neurons of different types,
remarkably, their spacing is
entirely random. How the cells
discriminate cells of the same
type from other types is a
mystery (are there 60 different
cell-type-specific recognition
signals in the retina?). Whatever
the mechanism, though, mosaic
regularity serves as a powerful
way to confirm that a unique cell
type has been correctly
identified. Cells of a correctly
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Figure 2. Selected types of neuron in three different CNS structures. 
(A) Projection neurons; (B) intrinsic neurons. The projection neurons of the cortex are
pyramidal cells, and the intrinsic cells are simply called interneurons. The projection
neuron of the cerebellum is the Purkinje cell, and the intrinsic cells are the granule,
basket, stellate and Golgi cells. The projection neurons of the retina are the retinal
ganglion cells, and the intrinsic cells are a diverse collection of bipolar and amacrine
cells. Note that two-dimensional representations of the cells, as shown here, are
sometimes realistic and sometimes not. Because the cell is essentially flat, a Purkinje
cell can be correctly shown in two dimensions; such an image of many other neurons
is nearly unintelligible, because a three-dimensional structure is projected onto two
dimensions. For that reason, the drawings are simplified, with the goal of conveying
the most important features. Cajal’s drawings are works of art, not literal images of
cells as seen from any physically possible angle.
identified type have a regular
mosaic. A mixture of cells from
different types does not.
Future prospects
For the first time in any
substantially complex CNS
structure, the inventory of cell
types in the retina appears to be
virtually complete. Evidence for
this comes partly from a new,
unbiased, morphological
sampling technique; from the
sheer volume of well-visualized
cells that is easily generated by
modern cell-filling methods; from
the three-dimensional resolving
power of digital microscopy; and
from the law of coverage, which
dictates that a true cell type be
evenly spaced. Many types are
now terminally identified: the
combination of morphology,
gene expression, and mosaic
make further subdivision of the
type extremely unlikely. Fine-
tuning of the classification will
still occur, and a few orphan
types remain among the wide-
field cells, which can cover the
retina using small absolute
numbers of cells. But the survey
probably encompasses 98% of
all of the retina’s neurons and it
is sure that no major players
have been missed.
If there are ~60 cell types in the
retina, how many are there in the
cortex? From plausible
assumptions of spacing, cell
number and dendritic field
diameter, one observer estimated
the number at ~1,000. At the
least, this estimate serves the
rhetorical purpose of pointing out
how important is the number of
types for any understanding of
this structure. If there are 1000
types of neuron in the cortex (or
even 100), there is a huge gulf
between that number and our
understanding of the cortex’s
physiological diversity. A
resolution, one way or the other,
would tell us which conceptual
models of the cortex are
plausible.
New probes originating from
genome screening promise to
help sort the cells, although few
instances of truly cell-type-
specific gene expression have
been discovered so far. The
common occurrence is partial
specificity, in which several types
of neuron express the gene in
question. Although it is
disappointing that more precise
specificity is not widespread,
mixed expression is nonetheless
extremely valuable. The
ambiguity adds only a need for a
marker that reveals the cell’s
arborizations, because selective
expression of the protein in
combination with neuronal
structure is unambiguous. This
combined approach is less
cumbersome and more robust
than strictly morphological
methods, and more reliable than
depending solely on the type-
specificity of expression of a
newly identified gene. It will
probably be the main way of
identifying new cell types for the
foreseeable future.
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Figure 3. Patterns of connectivity in the retina, illustrated for three levels of the inner plexiform layer. 
The level of stratification of the different cell types is an initial wiring diagram of the retina: it defines which cells can contact each other.
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